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Sumimnary

This report describes the results of an investigation into the syn-
thesis and properties of hig1‘1 temperat'ure superconducting materials,
A chemical vapor deposition apparatus was designed and built which
is suitable for the preparation of multicor;'xponent metal films.,

This apparatus was used to prepare a series of high Tc A-15 structure
superconducting films in the binary system Nb~Ge. The effect on Tc
of a variety of substrate materials was investigated. An extensive
series of ternary alloys were prepared with the approximate composi-
tion Nb3C}el_X”B“X where "B'" = Sn, Ga, Si and As. The influence of
"B" on ’I‘C , on the critical current density, .]'C , and on the upper criti-
cal field ch was examined, No increase in 'I‘C was observed but
modest increases in JC and ch were found for Ga, which, however,

* have not exceeded the maximum values observed in binary NbGe pre-
pared by other techniques,

. Conditions allowing the brittle high‘Tc (=18 K) A-15 struci:ure
superconductor Nb3Al to be prepared in a low Tc but ductile form were
found. Some of the ways that the ductile (bcc) form can be cold worked or
machined are describe@. Measurements of rate of transformation of
cold worked bcc material to the high Tc A-15 structure with low tempera-
ture annealing are given. Preliminary measurements indicate that this

material has attractive high field critical current densities.



1. Introduction

This research program was designed to investigate the conditions
necessary for the preparation of superconducting materials with properties
superior to-those known at present. Properties of interest to use are the super-

conducting critical temperatulle (TC}, critical magnetic field strength (I—IC and

2)’
critical current ciensity([]‘c). We have focused our attention on the niobium based
A-15 structure materials for this study. This class of materials e:-:hibits the
highest known transition temperature, ‘I‘c =23 K, high critical magnetic field
strengths "H , = 400 kG and wvery high critical current dénsities,

J'C > 10° a/cm?, With properties of this magnitude, it is ciear‘that for

‘many applications, a tradeoff of properties will be acceptable, for
example, higher critical currents at the expense of lower critical tem-
peraturés.

The sample preparation technique we have adopted is that of
‘chemical vapor deposition, one which has been used widely in the semi-
conductor industry and has even been used for the commercial produc-
tion of practical superconducting materials. Among the advantages of
the technigue are high grlowth rates, ~ 1/3 W/min in the present case,
low turn around time for preparing new samples and the ability to syn-
thesize material at low temperature, e.g., Tdeposition < 1000°C.

Low temperature synthesis is essential for the preparation of several high
TC materials which are unstable with respect to other, lower Tc’ phases,
That these high ’I‘C phases form at all is due to their having more favorable
growth kinetics at the (low) deposition temperatures.

Interest in pseudobinary systems have grown out of our investigation
into preparation of high T_Nb;Ge, ‘the material with the highest known T .
The specimens prepared have been characterized through measurement of
the overall composition of the deposited film by x-ray spéc_tr_ographic: analysis.
X-ray diffraction was used to ascertain phase relations in the systems, Super-
conducting properties were characterized by measurement of the transition tem-

perature and in selected cases measurements were made of the critical magnetic



field and of the critical current density.. As Nb,Ge has the highest
known transition temperature, a large part of our investigation has been
the replacement of part of the Ge in this material with other elements.

We have investjgated the following systems: Nb, (G ”B”X) with "B'" = 8n,

e
‘1-x
Ga, As, Si,Sb, P, Au, Pt, Cu, Fe, Q. On the basis of the results

obtained, we have concentrated on Sn, Ga, As, and Si.

II. CVD Apparatus

Good quality films of the high temperature superconductor Nb3Ge
have been synthesized by the method of chemical vapor deposition (CVD). !
Ribbons of the high 'I‘C superconductor Nb3Sn are available commexrcially
based on the CVD method developed by Hanak. 2 The CVD method has the
advantr?a‘.ge of relatively high deposition rates (~ 1 p/min) and the capability
of producing thick uniform films without elaborate apparatus. In order to
study the effects of other elements on the superconductivi‘ty of Nb3Ge,‘ an
apparatus was needed in which it was simple to change elements and to
transport simultaneously a number of different elements. In a typical
CVD apparatus it is necessary to have a separate source, flowmeter and
flow control for each element. With the apparatus described here, -these
requirements are reduced and the transport of multicomponent compounds
is simplified. The films thus produced have uniform overall compositions
in depth because of the inherent close control over the ratios of metal
chloride densities in the transport stream as the film is deposited., Also
the films have a very static composition gradienf down the length of the
d'eposition ‘zone with a uniform composition across the zone. This was
- found to result from the highly turbulent flow pattern existing in the reduc-
tion—depo‘sition zone which encourages rapid mixing of the chlorides with
hydrogen. A number of mixing configurations were tried and the system
described here was chosen because it satisfied two criteria for Nb-Ge

films: (1) minimization of the Nb.Ge, phase, (2) well- resolved q. a
- 5773 :

1
doublets for high angle lines {611} in the x-ray diffraction patterns.

2.

wF]?,»a,sed on a paper submitted to J. Appl. Phys.
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The reaction zone of the apparatus is shown in Fig. 1. Exc.ept
for the ingot and substrates everything shown is fabricated of fused quartz.
A qua,rtz tube envelope (~3 cm dia.) passes through three tube furnaces of
length 20 cm each. A precast ingot of uniform overall composition is situ-
. ated in the left-hand furnace at approximately 700°C. A gas stream of
chlorine and He carrier passes through a nozzle, impinging upon and
reacting with the ingot, producing a gaseous mixture of -chlorides of the
metals in the ingot. It is found that the chlorine jet bores an even hole in
the ingot and leaves very little condensed chlorides behind. Thus the
gaseous metal chloride stream produced has a composition ratio of metals
closely approximating that of the ingot, and is automatically quite constant
at least to the exter‘lt of overall homogeneity of the ingot,

The chlorides are then passed through a nozzle in the second fur- .
nace inclined at ~ 45° to the axis of the quartz envelope, Thi's-jet inter-
sects with a high velocity jet of hydrogen parallel to and at the axis of the
envelope. These two quartz nozzles were aligned precisely such that the
two jets intersect exactly. This was accomplished by mounting the two
tubes in an adjustable jig; passing water through both nozzles under- pres-
sure and positioning them for best interaction. The two tubes were then
permanently fused together with quartz rods,

The jets issuing from both nozzles were of suc‘:h high velocity as
to become immediately turbulent and thus the chlorides and hydrogen mixed
very rapidly. The hydrogen nozzle was ben’c downward slightly to compen-
sate for the deﬂectlon due to the chloride jet. The gases are then swept
1nto the third (high temperature) furnace where reduction and deposition
takes place. A number of substrates are distributed in this zone. A
small flow of He was fed into each end of the quartz ‘envelope in order to

isolate room temperature metallic end caps from the reactants.
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Fig. 1. Reaction zone of the chemical vapor deposition apparatus.



As an example of typical operating conditions, for the deposition

of Nb3de or NbBSn operational parameters are as follows:

Nozzle diameters

r

Cl2 0. 25 mm
HZ 0.25 mm
Chloride 0.5 mm

Flow rates

cL, 17 ml/min
He (with Cl,) 29 ml/min
H, 750 ml/min

Ingot weight ~ 1 gram

For a typical run of 15 minutes, deposits were in the range of 5 to
10 y thick, Thickness and‘composition were the most uniform in positions
from about 9 to 16 cm into the 20 cm depositibn furnace with the niocbium
content of the deposits gradually increasing downstream. Generally the
niobium content was about 1 atomic percent greater at position 12,5 cm
than at position 10 cm.

As expected, it is found that the composition of the deposits does
not always equal that of the ingots. This deviation occurs in the reduction-
‘deposition part of the process, The reduction efficiency is de pendent in
part on the free energies of formation of the metal chlorides in relation to
that of HC1 and, in practice is often significantly less than 100%. Thus the
deposit composition is a function of these free energies besides being
dependent ﬁpon the ingot composition. However, the deposit composition
does depend monotonically on the ingot composition. An example of the tyfie
of relationship found between ingot and deposit .‘composition can be seen in
Fig. 2 for the case of.Nb—‘Sn and Nb-Ge transport. Deposit compositions
were determined with an electron microprobe with an accurécy of +1 atomic

percent. The relative stability of the intermediate phases clearly influences
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the deposit composition. In the Nb-Sn case there is no indication of Nb6Sn5
in the deposits even when the ingot is quite Nb-poor. The inability of pro-
ducing films of A-15 Nb-Sn with Nb less than 75 at. % by CVD has been

2

reported before.” For the Nb-Ge case an ingot with Nb composition less

than ~ 75 at. % produces deposits containing Nb5G63 .
As an example of the degree .of homogeneity of the deposits obtained

by this method, the strong 0y 0y splitting of the A-15 {611} lines of
Nb-Sn and Nb-Ge ,samples can be seen in Fig. 3. Both of these deposits
were approxi‘mately 5 pm thick and were measured in a diffractometer
while still on their alumina substrates. The Nb-Ge diffraction pattern -
showed very strong A-15 lines and very weak NbE‘Ge3 lines and the Nb-Sn
had only A-15 lines,

The superconducting transition temperatures as measured by 4-
probe resistivity are, for the Nb-Sn and _NE—Ge_ samples in Fig. 3,
respectively: Onset temperature, 17.8_and 21.9°K, transition midpoint,
17.6 and 20,7 °K, and transition widths (10 to 90%) 0. 1 and 0. 8 °K.

We have successfully (ie posited -some binary and ternary alloys com-
posed of members of the following series of elements: Nb, Ta, Ge, Sn, Ga,
Si, As, P, Sb, Cu, and Fe. As examples of extremes in transportability;
Nb, Ta, Ge and Sn transported easily whereas Ga and Si required large ex-
cesses in the ingots due to the high stability of their chlorides. Awu on the
other hand, woulld\not transport with niobium in any significant quantity be-
cause of the low relative stability of gold chloride. Additional elements that

are likely to co-transport with the elements given above are: Co, Ni, Bi and

possibly, Mn, Cu, Ag, B and In.
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I1I. Measurement Details

A. X-ray Chemical Analysis and Impurity Estimates

To determine accurately the composition of thin films, the method
of choice is the electron microprobe with the careful use of accurate cali--
bration standards., The scanning electron microscope (SEM) available to
us here has the necessary x-ray detector and electronics to serve as a
microprobe. We found that two modifications were necessary to achieve
sufficient accuracy in the chemical analysis, One was to build a holder for
the films and standards for reproducible positioning in the SEM. The other
was to correct for the large fluctuations found in the SEM electron beam
current used. for x-ray excitation. This was resolved by rotating a '"chopper"
made of titanium just over the sample in f‘:he electron beam. The essential
purpose of this ''chopper' is to interpose.in the electron beam a piece of Ti,
thereby p.roducing the Ti x-ray, for a reproducible fraction of the counting
time. The Ti x-ray count integrated over the -counting period is then p‘ro-
portional to the integrated electron current and can be used to normalize the
measurements. The electron beam potential employed was 17.5 kV. The
area scanned was in the form of a square raster of dimensions 0.5 rmrm X
0.5 mm. The accuracy of this system was then determined by measuring-

5 binary and ternary samples of known composition. The result was that

the measured composition of the standards fell within £ 1% of the known which
i's considered to be sufficient accuracy for the purposes of this project at the
present time. _

There has been discussion in the literature whether the high T, A-15
phase-in the Nb-Ge system at 'the stoichiometric composition is impurity
stabilized.3 Several reports have stated that either air or oxygen alone had
to be admitted into the system, e.g. co-evaporation systems or sputtering
systems before high. 'I‘c films could be prepared?al}[lf actually true the role
the impurity plays might be through the kinetics of growth rather than alter-

ing thermodynamics in the system.] It is not possible to detect oxygen in
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small amounts with the analytical tools-available to us at the present time.
However, we did find a rather satisfactory method, To do this, we
déposited by CVD a "pure' 4 |1 Nb film under conditions otherwise identical
to those successful-for growing high TC Nb3Ge films, Itis known5 that
interstitial oxygen in the dilute limit contributes residual resistivity to Nb
at the rate Ap/Ac =4.5 X 10-10 (Qcm per at. ppm O, Almost identical
incremental resistivity values are quoted for C and N, The measured
residual resistance ratio of our Nb film was R(300 K)/R('I‘C) = 10 which
yields a residual resistivity of 1.5 4 (Qcm and an upper bound to the oxygen
co;acenl:ra'.tion for example of 0, 35 at. % O (Note that Nb can dissolve more
O than this. _6) This is in upper bound because it ignores other contributions
to the residual resistivity due to grain bound‘a.ries, etc.- Our starting mate-
rial is electron beam melted, cold rolled, Nb sheet with a resistance ratio
of 24..7 Attributing all of the residual resistance of the starting material

to O yields an oxygen content of 0. 15 at.% (1500 ppm) about & factor of
.two higher than typical analyses for material of this type. Thus itis felt
that no more than 0, 2 at. % impurity total for O, C, and N have been added
in the CVD proc:'ess.

The phases present in the films and their lattice parameters were
measured with the films on the substrates by x-ray diffraction using CuKu
radiation and a graphite monochromator. Oriented growth was clearly
evident in many of the films. The x-~ray diffraction pé,i:terns of the films
exhibited resolved doublets for the {611} lines except where noted,

Superconducting transition temperatures were determined by 4-probe
alte;rna,ting current resistance measurement usually at 200 Hz. The
samples, on their alumina substrates, were of a few millimeter dimensions.
Electrical contact was made by ultrasonic soldering of platinum leads onto
the films with indium solder. The characteristic superconducting transition

temperature used was the midpoint of the resistive transition (Tm). A
measure of the transition width was taken to be the difference in temperature
between the 10 and 90% points of the resistive transition. The current density

varied but was always in the low current density limit,

11



IV. Systems Investigated

A major goal of this research program was to investigate the effect
of third element substitutions for Ge in NbN 3Ge on the superconducting
properties, especially 'I‘c ant‘i HC2 . Also of interest were the effect of
such substitutions on metallurgical parameters such as stoichiometry
with respect to Nb cor‘1tent in the A-15 phase, lattice parameters and the
precipitation of'additional phases,

For chemical and metallurgical reasons, the elements chosen for a116y
studies are neighbors of Ge in the periodic table as shown in Fig.4. As can be
seen Si and Sn are isovalént with- Ge while Ga-and As have valences differing by

one from Ge. It is now well known8

that A-15 phases exist over a range

of compositions and that ‘I‘C is highest, as in the case of NbN Ge, when the
composition is near stoichiometry (3: 1). Accordingly, special .emphasis
was placed on maintaining stoichiometry with res pect to Nb in the ternary
alloys. Stoichiometry is schematically represented by the 75% line in Nb
corner of the ternary diagram of Fig. 4.

For the sake of comparison a complete set of binary Nb .Ge
specimens of different composition were prepared by CVD. Then ﬁnder
identical conditions a series of ternary alloys were prepared of the form
N'bN 3Ge1_X”B”X where "B = Ga, Sn, As, 5i and the amount is geﬁerally )
less than 1. Only in the favorable case of Sn could the whole range 0 £ x <1
be covered,

' A series of binary Nb-Ge alloys was first synthesized to serve as
a basis for comparison with the ternaries. The effect of composition on the
ia.ttic:e parameter (ao) and on the superconducting transition temperature ('I‘C)
are shown. Here 'I‘C represents the midpoint of the supercon-
-ducting tranéition as measured by 4-probe resistance. Errors are: . for the

composition, *1 at, %, for ao £ 0,001 A and the transition temperature

widths were typically in the range 0.3 to 1.5°K.

12
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Starting with the Nb-rich side the well-known decrease in lattice
parameter for A-15 Nb-Ge is seen as stoichiometry is approached and less
Ge sites are occupied by the excess Nb. The change in a, is due
to the substitution of Ge atoms of smaller radius (RG ) on the "B'" sites in
A-15 ”ASB” for the larger Nb atoms of radl‘us RI:ESTb . As the measured '
overall composition of the deposit approach 75 at. % Nb from the Nb rich
side, there is a gradual increase in the amount of NbSGe3 » '"'o" phase,
observed in the diffraction patterns of the films. Then for overall Nb con-
centrations less than 75 at. % the A-15 lattice parameter remains nearly
constant, indicating a nearly constant composition in the A-15 phase. Coin-
cident with this (nearly) unchanging A-15 lattice parameter is an observed
increase in the amount of "¢ " phase. At 65 at, % Nb we find thatthe A-15
pﬁase 1s no longer present. 'I‘}_lis situation is quite similar to that of cross-
ing and equilibrium phase boundary into a two phase region, although these

materials are not in thermodynamic equilibrium.

A, NbCieSn sy stem

Introduction

The compoﬁnd NbSSn has been the subject of considerable investiga-
tion since its discovery in 1954 by Matthias, Geballe, Geller and
Cbrenzwit.9 For about 15 years after its discovery,‘ it was the highest transi-
tion temperature (TC) superconductor known with Tc = 18 K. During this
time the conditions necessary for the preparation of material in forms suit-
able for practical application were under intensive study‘. These efforts
were successful in developing Nb3Sn as a technologically useful material.

In 1956 Carpenter and Searcy disc:overed10 that the compound Nb,Ge
had the A-15 structure also. 300;1 thereafter, Gellerll pointed out that

'I‘he section on NbGeSn system has been published in J. Less Common
Metals 62, 89 (1978)
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given reasonable metallic radii the observed lattige parameter was too
large, suggesting that the material was Nb rich .with re spect to stoichiometry,
Later it was repcarted1 that the equilibrium homogeneity range for the A-15
phase did not include the stoichiometric composition, extending from about
NbO. 87Ge0. 13 to only ‘NbO. SZGGO. 18 at 1600°C. The observed Tc's were
reported in the range 5 K to 7 K for such material prepared by more ox
less equilibrium techniques. In 1965 Matthias et al. reported13 that non-" |
. equilibrium “NbBGe” prepared by splat cooling showed the onset of a super--
conducting transition at 17 K. The higher 'I‘C onset they attributed to non-
equilibrium A-15 structure material closer to the stoichiometric composi-
tion.

There have been a number of investigations into pseudobinary alloys
formed between Nb3Sn and off stoichiometric "Nb3Ge. '" At the time these
studies were carried out because of interest in the high TC of Nb3Sn. Hagner

and Saur 14

measuring sintered samples, found 'I‘c to drop in the neighbor-
hood of Nb3Sn with-the addition of Ge. Likewise with sintered samples,
Galasso et a,l.15 foupd that Tc varied approximately linearly between Nb3Sn
(17.8 K) and Nb3Ge (6 K). Alekseevskii et a1.16 found, for levitation ‘
melted samples, that TC followed a smooth curve, sloping downward at
18.1 ¥ at Nb3Sn and leveling out to 7.1 K at Nb3Ge. Ot’co17 found a slight
maximum in ’I‘c neax Nb3Sn for arc-melted, annealed samples with the
addition of Ge. They also found a linear change (Vegard's law) in the lattice
parameter between Nb3Sn and “Nb3Ge. n

More recently, Gavaler 18 has shown that nonequilibrium NbSGe :
can be sputtered onto heated substrates with Tc over 22 X, This result
clearly indicates the need for a re-measurement of the Nb-Ge-Sn A-15
system.

Following Gavaler's discovery, it was shownl that high TC
Nb3Ge could be made by the method of chemical vapor deposition (CVD)

via chlorides onto substrates in the same range of temperatures, 700°C

to 950°C employed in the sputtering investigation. The. GVD method
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was originally applied by Hanak 2 . to prepare Nbgsn in the same tempera-
ture range. As the conditions for deposition of both compounds are similar,
this method was chosen for the ternary system and the results are reported
here.

Results

A series of specimens were prepared in the Nb rich corner of the
ternary system. A variety of substrates were employed, These included:
alumina, sapphire, Nb, Mo, beryllia, copper and lithium niobate, Alumina
proved to be a very good thermal expansion ma‘tch for samples near the
composition Nb3Ge and to put Nb3Sn alloys under slight tension when cooled,

Under the present experimental conditions we observed no evidence .
that A-15 structure alloys could be prepared with less than the stoichiome-~
tric amount of Nb. On the NbGe side of the ternmary system it was found
that as the measured Nb content went from the Nb rich to the Nb deficient

side of stoichiometry there was a gradual increase in the amount of Nb_Ge_-

5773
co-deposited with the A-15 phase. For NbSn alloys, even with gas composi-

tions rich in Sn, the most Sn rich deposits were found to be single phase

A-15 structure having a measured composition of NbBSn. This behavior in

. 2
the NbSn system has been noted earlier by Hanak,
Fi;gure 6 shows some data taken from pseudobinary alloys with

approximately fixed Nb content of 76 at. %. It was necessary to include data
+0.9

. -0.8°
part a) of the figure the 'I‘c midpoint is plotted versus composition expressed

from samples with a measured Nb content in the band 76 at, % In
as the ratio of Sn to Ge+Sn. The broad minimum in Tc: midpoint is easily
seen.

In part b) of Fig. 6 we have plotted resistance ratio, T =R(300 K)/
R(Tc), versus composition. Extrapolating the data to 0 X so as to obtain
R(300 K)}/R(0 K) gives a negligible (< 6%) change in the qualitative features
of the data, The chief such feature of these data is a broad minimum of T

similar to that in Tc N

17
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In part ¢) of Fig. 6 we have plotted the measured mean A-15 lattice
parameters of the deposits on alumina substrates. Comparison with deposits
on very thin (511} Nb substrates suggests that the lattice parameter is negligibly
affected by differential thermal contraction for NbGe binary samples and
th'af: for NbSn binary alloys_the lattice parameter is about 0,003 A smaller
because of stress. The diffraction patterns ‘from which the lattice parame-
ters were calculated contained second phase lines.oiﬂy for Ge rich composi-
tions. These additional lines were of very weak intensity. For the binary
end points the hlgh angle A-15 diffraction lines displayed very well sp11t
a, o, doublets, Toward the middle of the system, however, there was a
clear broadening of the high angle lines. Figure 7 is a tracing of representa-
tive x-ray patterns showing these effects for the. {611} lines.

- Figure 8 shows lattice parameter and Tc midpoint results near -the
NbGe edge of the ternary diagram. It is evident that proceeding upward
along constant Nb lines there is an (expected) increase in the A-15 lattice
pa-,ra.meter as Sn replaces Ge. Coincident \_.vitli. Sn replacement of Ge there’
is a decrease in Tc , similar to that shown in Fig. 6 for 76 at. % Nb

Discussion

There are two qualitative features of the data which can be discussed,
The first is the depression of 'I'C over the entire range of pseudobinary com-
positions in Flg 6 and the accompanyiné minimum in resistance ratio,

The second is the presence of the x-ray line broadening for compositions
near x~ 0.5 as_—éhown in Fig, 7.

Nb base high T, A-15 structure compounds display a maximum of "I'c
at or near stoichiometry with TC having a strong dependence on composition,
being depressed with an average slope of -1 to -2.5 K/at, % when there is
excess Nb .8 {For the case of Nb3+xAl the Tc hasbeen reportedlg to have
a broad maximum near stoichiometry.) When there is excess Nb present,
it is accompanied by a changing unit cell size allowing the interpretation that
the excess goes on the "B' sites of the unit cell. In this interpretation the

excess Nb can be regarded as impurity or source of chemical disorder on the

19
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B site. The effect of the resultant disorder is qualilatively similar to the
effect of site exchange disorder introduced by irradiation with higﬂ energy
neutrons for example. Disorder from a variety of sources has been
shown to depress TC and to simultaneously depress the resistance ratio of
high TC A-15 structure materials,

If our chemical analysis results in Fig. 6 were in error in such a
way that the compositions near x~ 0.5 contained more than 76 at. % Nb

“then this would explain the minimum in Tc and T'. However, we have ;seen
no indication of. such a systematic error in the analysis. Another possi-
bility would be that a Nb deficient second phase was co-deposited with the
A-15 phase causing it to deviate strongly from 76 at. % Nb, bﬁt the diffrac-
tion analysis does not support such a possibility. The A-15 lattice parameter’
data of E:ig. 6c) give no suggestion of strong systematic shifts in the Nb con-
centra%ion. The most straightforward explanation for these data is that T,
and T are depressed by the disorder introduced by having both Ge and Sn on
the B sites., In this interpretation the effect of disorder present in mixed B
atom systems is qualitatively the same as the disorder introduced by Nb
deviations' from stoichiome_try. It is clear that other effects (valence, etc.)
in mixed B atom systems could wash out a ‘I‘c minimum ;but in this system
the effect of disorder would appear to dominate.

That the diffraction lines show broadening for ternary compositions
near x~ 0.5 suggests that there could be additional complexities present in
this system due in part to the nonequilibrium nature of the sam‘ples. Even
A-15 structure pseudobinary systems prepared under conditions nearer to
équilibrium show surprising features. Of possible relevance is the fact

2

that a number of them exhibit miscibility ga,ps.2 For example, Roeschel
and Raub ! find a deep minimum in 'I‘C in the V3Si—V3Ga systems which
would be even deeper but for the development of a miscibility gap with two
A-15 structures in the middle of the system. To decide if the line broaden-

ing is due to similar features in the present nonequilibrium system requires

further, more microscopic measurements.
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B. NbGeGa System

In order to incorporate even small amounts of Ga into the deposits
it was necessary to add large amounts of Ga to the starting ingot, typical
ingot compositions being in th<'3 vicinity of Nb3GeGa2 . This observation is
in agreement with earlier CVD studies on binary NbGa alloys by Vieland
and Wicklund, 23 These authors suggest that Ga is present in the gas phase as
a subchloride which deposits by disproportionation to metal and higher {'netal
chlorides. [Preliminary results indicate ;:hat reducing the deposition tem-
perature to as low as 700°C enhances Ga deposition as expected foi‘ such a
reaction, |

Figure 9 shows A-15 lattice parameter and Tc data from tez-'nary
samples containing small amounts of Ga deposited at 900°C using our
standard flow rates. It can be seen that the addition of Ga to Nb-Ge alters
TC and a  very little for a wide.range of Nb/Ge ratios. At constant Nb
content the effect of substituting Ga for Ge is a very slight increase in a,
and a very slight decrease in Tc . There are no strong changes in the phase
composition (due to the addition of Ga), over the NbGe binary films as ob-
served in the x-ray diffraction -patterns of the films on their alumina sub-
strates. Im genei*al the Ga substitutions do not appear to alter strongly the
relative amounts of A-15 and "'g'" phases. Although 'I‘C is not much affected
by Ga substitutions in dilute amounts there are indications that it provides

modest increases in JC and HCZ of the NbGe film as they were prepared here,

C. NbGeSi System

Similar to Ga the Si deposition efficiency was low, Consequently large
relative amounts of Si were added to the ingot, Typical ingot compositions
" were in the range Nb3GeSi0.'7' Figure 10 shows A-15 latlice parameter and
T results. These films were prepared at 900°C using the standard flows,
The substitution of Si for Ge results in a depression of Tc and, for small
amounts of Si, a slight decrease in A-15 lattice parameter. At the same

time, however, extra phases appeared in the diffraction patterns from below
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the level of detectability without Si to tens of percent with the addition of
even small amounts of Si even with Nb contents greater than 75 at. %. Also
the diffraction lines of the ‘A-15 phases became quite broad washing out

the a e, doublet separation.

D. NbGeAs System

The effect on the- A-15 lattice parameter and ‘I‘C at different meas-
ured deposit compositions is shown in Fig. 11 . The As was added to the
starting ingots, in small amounts, for example, Nb_,)GeAso. 05 These

films were deposited at 900°C using the standard flows. It is found that
‘ replacing small amounts of Ge by As increases the A-15 lattice parameter
slightly and lowers; T . In general the x-ray dlffractlon pa.tterns show
broadening of the A- 15 diffraction lines, without, however, a strong devel -
opment of "g' phase. Since the metallic radius of As is slightly smaller
than Ge it is expected that the A-15 lattice parameter would decrea se with
As substitutions., 'This is not observed. The most probable explanation is
that the addition of As -causes the A-15 phase to become more Nb rich by
precipitating' Nb deficient phases which are below the level of detectability

by x-ray diffraction, There was not time to investigate this point in greatex

detail.

E. Summary of Ternary Results

ltis interesting to compare the effect of- ‘Sn, Ga, Si and As .substi-
tutions, at fixed Nb concentrations, on the A-15 lattice parameter and ’I‘
Figure 12 shows such data at the concentration of 76 at. % Nb." At this-
Nb concentration the specimens appear nearly single phase for small
amounts of substitution. Clearly all these substitutions decrease T R
although in the case of Ga the rate is slight, The effect of alloy add1t1ons on
a_ is of both signs as expected for their metalljc radii, except in the case
of As as discussed above.

On the basis of these data, we see no evidence of enhanced ’I‘ in

Nb Ge through alloying these elements for Ge.,
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¥, Miscellaneous Other S_ystums

During the course of this work we found that specimens of Nb,Al

3
-could be quenched from high temperatures, retaining the ductile bec struc-
ture. Crystals of material in this structure were found to be ductile

enough to be rolled to one tenth their original thickness. Iater short low
temperature anneals quickly converted this material to the high Tc (=18 K)
brittle A-15 structure. Details of this work were published last year24 and
are included here as Appendix A.

Some additional investigation was cartried out on this material into
the kineti¢s of transformation from the bee to A-15 structure and into the
mechanical properties of the bee phase., It was found that it could be
machined by brdinary techniques used for molybdenum. Some-details of
this work have been publ‘ished25 and are included here as Appendix B.

Duriﬁg the course of this grant we succeeded in growing some single
crystals of NbBSn of unusual perfection. The synthesis technique was that
of closed tube vapor transport with iodine as the transporting agent. These .
crystals had resistance ratio from room temperature to T of 18, Extrapo-
lating to 0 K suggested a res1sta.nce ratic of 50. In any case the material
was pure enough to allow obseJ;"valLion26 of DHV A oscillations in magnetic
fields above H op® inthe range 20 to 40 T, by colleagues at the high field at the’
Umvermty of Amsterdam. Details of these experiments were published and
are included here as Appendix C. The experimental results allow important
conclusions to be drawn on the. shape of the Fermi surface in Nb3Sn and
thus provide a bench mark for comparison with theory. Some more experi-
mental details and comparison with theory on Nb,5n has been 1:»1.1l:>1ished27

and are included here as Appendix D,
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V. Effect of Substrate Materials and Annealing on CVD Films

A. Substrate

To determine. the effect of suiostrate material on the superconduct-
ing properties several types of substrates were loaded into the reactor

. for simultaneous deposition of binary Nb Ge The substrates were accu-

rately placed along ‘side each other at two positions in the reactor. The

substrates were alumlna, sapphire with the C axis in the plane of the sub-

strate, sapphire with the "RY cut having the C axis about 57 ° from the

substrate, Nb foil of 5 ¢ thickness, Mo of 25 M thickness and L1Nb0

) The deposition was carmed out with standard flows and a deposition tem—

perature of 850°C, ‘

The Tc data obtained from these deposits are showp in Figs, 13
and 14, l There is a total spread in T in both cases of order 1.K with the
de posit on Mo ‘having the lowest value. In order to interpret these 'I‘ data
it is useful to compare them with measurements of the thermal expansion
of the d1£ferent substrate materials. Clearly the propexr comparlson would
be between differential thermal contraction between sample and substrate
over the range from -the deposition temperature, 850°C in this case, and
Tc . However, thermal expansion data are not always known in this detail.
Accordingly we have taken from the lite:cai:ure28 the average thermal expan-
sion over the range from room temperature to 900°C unless otherwise
noted. These data are shown in the table. Entries 1 to 5 are for the sub-
strate materials found in Figs.13 and 4. It is clear that Mo is a poor
thermal expansion match for Nb Ge, putting the supércbnducior in under
tension upon cooling, which corresponds well with the largest dépressions
of '.[‘ be:.ng observed for Mo. The other malterials, 1 to 5, have expansion
coeff1c1ents much closer to that of Nb3Ge29 (it should be kept in mind that
there is considerable scatter in the literature Lhermal expansion data),

In other experiments, deposits were prepared on BeO fused quariz
and graphite fibers. In these experiments, control deposits were simul-

taneously prepared on alumina substrates placed along side. As expected
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Table

Average

Thermal Expansion

Material Coefficient (10-6)
1) Nb3Ge = 7.7
2) Alumina 8.2
(polycrystalline)
3) Sapphire 7.8 1L C
' 8.6 Il C
8.0 = @
4) Nb 7.8
5) Mo 6.5
6) BeO 8.5
7) Graphite 1.8

("a' axis, Il to fiber axié)
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frc;m its favorable thermal expansion coefficients no: depression of

Tc was obsc_arved on BeQ (in fact a 'I'C onset a few ter'lths of a degree higher
than the control was observed although the Tc midpoints were equal). The
deposits on quartz and graphite fibers did not prove to be satisfactory. On
quartz a large degree of crazing of the deposit and upper layer of substrate
was observed. Deposits on the graphite fibers were found. to be periodi-
cally broken along their lengths. The fibers, furnished by NASA, were of
diameter 7 |y with the a axis near the filament direction. The deposit
thickness was in the range 5-20 1. The low thermal expansion along the
fiber was évidently ewugh to open up ~'10 4 cracks in the deposit. Conse-
. quently, graphite fibers as a substrate material was not pursued further.

In order to investigate the effects of -annealing on the depo:s:ited mate~
rial some long term annealing studies were performed. For this study
deposits on alumina, 850°C deposition temperature, and free standing de-
posits, 900°C deposition temperature, which had flaked free from LiNb03
substrates were used. .’I'he'y’ were wrapped-in Nb foil and p-laced in care-
fully outgassed quart)z ,tubing with 150 torr of argon. The annealing was
carried at 725° for 3 months. The effect of the annealing on the transition
curves can be seen in Flg 15. The changes in the transitions are slight
but TC seems to be depressed in both cases., No sign of contamination of
the deposits or of the foil was found. Annealing material at higher tem-
peratures for times of order hours gave greater depressions of Tc , in
agreement with the literature, and as expected from the metastable nature

of the high TC , ''stoichiometric'! material,
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Critical Currents in lLbyGe Jased Pseudobinaries”

VI. Critical Fields and Current Densities
Samuel A. Alterovitz*,”™ John 4. Woollam*
ABSTRACT

We have prepared Kbsle,ub,Ge,,Ga, and
Kb;Ge,.xcSn, on heated alumina substruates using
CV¥D. Mhidresistive transitions were up to 21K
and transition widths were as low as 0.3k.
Critical currents were ceasured to 22 Tesla
at temperatures from 4.2k to 19K. =ffective
upper critical fields 3;, were nessured oy
extrapolating Ji*vs B data. lreliminary data
show that for small Ga addifions,Bf increased
above the value a2t x=0. Flux pinninyg forces
vs reduced field b=8/pl,do not cbey scaling
laws,whiech we explain as being due to inhomo-
geneous material havang a disvribution of T,
and B, values.

I. INLRODYCTION

among, the most promizing, nigh
current superconductors for niph
lications are the A-15 structure materials.
Critical currents J. in trese noterials, and
especially'~¥in Db4Ge and losdn, have been
previously stuvied in high mapgnetic fields 3.
Two flux pinming mechanisos have oeen Tound.
In CVD grown Rbyuwe, with hi,n critical
currents the main pgainnin, neckoenism 1s O
phase precipitates. In sputtered ™ ¥ lb,Ge,
Nb,Sn, and in clean? CVD iibyGe.most pinming
is at gprain boundaries. Lowever, the exact
functional forms of the pinnin, force vs B
data for tonese two mechanisws in {non-epit-
axially groun) Lbsue have noi been determined
due to a lack of scaling of flux pinnang
forces. Tnis lack of sculing khas been post-
ulated %o oe_due to svmple inhomo,eneity.®
Very recently’ homogeneous epitaxial CVD
grown NbzGe has beer shoun Go ohey the scal-
ing law forn proposed vy Kramer.

In addation to thé interest in binary com-
pounds such as Iibyon and ongyle,pseudodinaries
such os NoaGe,.. Sn, are expecited to nave
promrsingly high values of J, and B.,. It has
been shoun experimentally®/°that small add-
itions of a third element to a binary a-15
compound (usually lo,3n), can increase the
effeetive upver eritical field and the high
field critical current. Tris trend is expect-
ed to reverse as the awmount of thirc element
added to the bainsry lacreases or becones don-
insnt. In the present paper we repordi on a
study of cratical currents in hagh mognétic
fields, end cratical fields and temperatures -
as a function of composiiion.

eritical
field app-
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II. EXFERTRZNTAL METHODS

All samples were prepared Dy CVD on al-
umina substrates at 90C ¢,as described in de-
tail elsewnere’® Thicknesses used for calc-
ulations were averages from measurements at
five sample posations,using 3k, and ;anged
from 3 to lQ.w between samples. Chemical an-
alysis using en electron microprobe determin-
ed compositaon to within one percent. viid-
resistive point superconducting transition
temperatures T, were determined at UC3D and
at lasa snd agree with each other to within
better thun 0.1K. Critical currents were
defined by & l0QuV¥mcriterion,unless noise
levels forced us to use S50QuWhk. ln all meas-
ureaents samples were immersed either in
liguid hydrogen or helium,anc the temperature
was enanged by pumping. Lxternal fields were
supplied by either o 14Tesla superconducting
solenoid or by 13.5Tesla or 22.5Tesla Bitter
Magnets. The [ilm plane was always perpen—
dicular to the field direction. Resistaive
transitions were measured by cnanping the,
temperature and uelng, a sampling current of
1l mi or less.

IIT. 2REGULTH

Critical cur_ent cdensities J. were meas-
ured in twelve suamples: Three 1n the
Ib,Ge, cb8, beries and nine in the Fb,Ge, ,On,
series.
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Fig.l.Critical current density J. vs
external mapnetic field B, for several
pseudobinaries at 4.dih and 14.3K.

For all, J. was neasured at 4.2k, cut only
gix wvere measured in liguid hydrogen.
depresentative results for Je vs B are snown
in Fig.l for two temperatures: 4.2K and

*published in IEEE Transactions on Magnetics, MAG 15, 512 (1979).
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14.3K, &t 4.2K, the external field was not
bigh encugh to cempletely quench supercon-
ductivity in some cases., Tnevefore a simple
extrapolation™ 't o I¥=0 was made, where I,
13 the eXperimental critical current. The
critical field thus obtained 1s called the
effective upper critical field B2.,and s the
highest field where currents oelow ine crit—.
1cal current can be carried. typical extra-
polations of IZ*vs B are snoun in Fiy.2.Data
are shown for fvo temperature groups:4.Zh,and
in the liquid hydrogen range. « very import-
ant feature in this yrapn is tae shuape of the

Ifve B plots. for 8 clean and homopeneous
sample Nbeas 3N, .y(With residual resistivity
of Buaex I¥»vs B 25 a straight line. For
other samples the plots have positive cuzrv-
ature for temperatures in the liquad hydre-—
gen range, and negative curvatures at £.2K.
Fhe presence of curvsture 1s an important
gource of error in estimating 32,.
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SAMPLE 1A sAMPLE 1,
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O oy psbeg aSng )t 4.2 O Mg 55 5 5 5
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#1g.2.Extrapolations of I where I, is the
critical current, vs. the externzl megnetaic
field, The value of B at I=0 1s che

effective upper critical fiela B8§,.

For positive curvatures,long extrapola-
tions can yield 3{ values toc low,und neg-
ative curvatures cen jive calues too huigh.
Since J. was meagured at 4.20 to 22.5Tesla
in only three samples, and nost of tae other
measuremnents were nude to only 1o.57esla,
derived B, values could be in error by one
to two Tesla.ryure 3 shows B%, as a Ffunction
of third element concentration in kb jte.
There is no sample correlation between the
Nb concentrstion (which vuries in the range
74-78 atomic percsnt) and B:,. The dashed
portion of the Bi,curve neer a pure Hb,3n
composition wuas drawe using values in tae
literature” for 3, for materials with sim-
ilar compositions. ilso in £15.3,7f vs comp-
osition 15 plotted,vhere 1! is the critical
temperature,as defined by the zero resistance
point using & high sensitivity voltmeter.
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Selected results for Bl,in the liquid hydro-
gen temperature range are shown in fable I,
togpether with midresiscive point measurezents
of B.,.

TivLs I
Upper Critical Fields at Temperatures T> 143k
Sa.mgle T,K B:’ :‘1‘ Bew :T
Nb Ge 14.3 11.4 13,7
0.78770.22 6.6 6.95 8.8
18.6 3.53 4.4
Kb Ge Sn 14,3 7.8 9.0
0.76770.22"0.018 15.8 45 5.65
Wb, ~c3n 15.5 4.0 4.1
o orTe.2s 8.3 157 1359

Data shown in Table I dempnstrate that the
¢lean and homogeneous KbySn sample has
GBI~ 8:,1.e. hes a very narrow transition
widtt. The other sinples have very wide
transitions. Values of B, were obtained by-a
leust squares £1t of the four highest field
experinental points toa Ik vs B plot. Bf,
depends on tue nuncer of poants in the fits,
and tiaus rntroduces uncertainties in B
and thus in b.

he Bl, values of Table I were used to
atudy scaling of critical currents for temp-
eratures above 14.3K. The panning force
density ¥ wos celculated using )

P= BT W

Scaling laws for critical currents are
obeyed 1f 7%
P= e[ ba i) $e) (2)

where ¢ and n are constonts, beB/B, and I(b)
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is a function indesendent of temperature.
Usually £(b) 15 normelized to ¢ maxirum
velue of 1. If F,,is denoted as tha maxainunm
value of the prnning force density at any
.temperature T, then
h
Buax = € [ 85 (TY] (33

Pl Pane = ()

Thus scaling is oveyed if F/i,..vs b
plots for several tewpergatures are coinegi-
dent. In fig.4 thre¢ graphs for Kb, ,pGe,,.
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Fig.4.¥ormalized pinnin, force L/, vs.
reduced field b=3/b., for bb,.be, . for

T above 14.3k.

clearly shou the absence of scaling. a lack
of sealing is unusu2i%'®'?7 and possible
origins are explained in Refs. 15 and 1o.

In the present case we believe thne origin
lies in the uncert-inty n 3%, values, as
determined from XI.* vs 3 plots. Tnis
influences tests for scaling taroush
determinations of b. Deteirled discussions
of these effects will be presentzd elsewhere.

I. DIoCUSSIUN

Freliminogry resulis show that small add-
itions (of thne order of ong per cent} of Ga
added to ib Ue, can increase the effective
upper critical field. Tnis can be explainca
assuming the dirty limit{f« F.) approxination
where O x#¥Te, woere pis the resistivaty. Jor
example oy sduilng one perccnt Ga to hbyue,
T. did not cnange, Whlle £ increasca fron
35matm b0 S5Cnawa . Therefore d.,.15 expected
to rise, altocugch vy o snaller foctor toun
the incre.se in £ because ¥ decreases with
disorder.'""™ 4y increus:in, the azount of ine
third element (3n in our case) cota¥ ana T,
are depressed because of discrder, thus
reversing the trenc uad lowering Bey « o
quantatative stucy of Yas a function of the
fnird element will be puplisned elsewhere!®
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CLLCLUBIN

From prelizinary studlies we find that
small addztions of Ua to wDjue &y enhance
the effecllive upper c;lecai field. uwe
believe that 1n most (or 3lli) of our samples
pLonang 1s &t _raln bouncaries,thus jyieiaang
relatively lowr values of the criticai current
density. on optamizetaon of J. cen likely be
achieved by increesing pinning via ¢ pnase
precipitates, or oy decressing yTrain size, in
pseudooinsries ¢ontdining smell amounts of Gas
cezling over a limited renge of b was
restored, by circumveniting problexs in
experinentally determinin, d.,.

acknowled:szent

The authors are grateful to Dr..n.Rubin
and lLir.d.Dair le &6f The AFrancis catter
hationsl i.awnet unaboravory for thear
assistince in neking high field measurements.

RESARKCES

A.I,Braginski, J.R.savsler, G.W.Reland,
Ficheel J.0anzel, Li.a.daznocko and A.T.
santhanan, Icsi Trans.iinG-13%, 300(1977).
Jd.R.Gavaler, h.a.Jonocke, a.l.Braginsxi
and G.a.l0land,I.i8 Trens.hAG-11,192(1977)
J.PLFanpuitth,d.JdLafstron ond C.P.0Uu,
1234 Trens.lifG=13,315(1977)and private

comnunication.

1.

H.Ullmaler,Icreversible Fropertics of
Type 11 Suverconductors, wew Lork,
wpringer-verlag Inc.,1vy75,ch.5.
11.R.Daniel,. . T.3ryg 205k, G 0. t0dand , J .,
Gavaler,i.J.Bartlett and L.d.Newkirk,
J.nprl.thys.48,1295(1977).

Sen.alterovitz,J.a.woollan, John J.cengel-
hardt and George w..Jdebb, 1zil.hag.
Corresponcence, to oe puolisaed.

38



gﬁ Ifgg‘”' PAGE g
QUALITY

7 J.D.Thompson,h.P.Ealey and L.x.Hewkirk
' Bull.Am.Phys.doc.gg,522(l9?8)and J.uppl.
Phys.,to be publithed.

8. L.J.Kramer,J.flectronic liat., 4,639(1975)

9. D.Dew-Kughes and Fi.juenaga, J.appl.ihys.
49,357(197a). .
10.R,akihama,K.Yasukochy,and T.0zasawara,
IEZE Trans.E&G—1§,805(19??).
11.J.J.=ngelbardt ahd G.\.uebb,J.Less Common
Hetals, to be publisied.
12.S.$.Alterovitz,J.n.ﬁoollam,L.ianmerdiner,
and H.L.Luo,J.Low Temp.khys.30,797(1978).

13.5.A.ltevovaitz and J.n.Woollam, %o be
published,

14,D.B.Montgomery and W.Sampson, Appl.Yhys.
Lett.6,108(165). ER

lB.S.A.Alterovitz,J.n.uoollam,E.J.Haughland,
J.J.Zngelhardt and G.w.uebd, to be .
published.

16.E.J.Kramer,J.Appl.Phys.§£,1360(1973).

17.8.n.hlterovits dand J.i..oollem,J.Low Tenp
Fhys.32  (4578).

18.E.J.Kraner,J.liuclear hat. (1¢78).

19.H.Hiesmapn,h.uurvitch,A.K.Ghosh,ﬁ.iutz,

C.F.Kammerer ané Liyron wtrongin, khys.
Rev.317,122(1978) .

39



VII. Conclusions and Recommendations

. An unexpected result was the large effect played by "B" site dis-
order as, for example, in the NbO. 76(Ge1“XSnX)O. 24 set of data whete a
minimum in 'TC is observed. The other ternary alloy systems did not allow
as extensive substitutions for Ge as in the Sn, however, in each case there
appears to be a Tc depreésion except for the case of Ga. For Ga there
does appear to be a modest increase in J and H ~ when dilute amounts of
Ga are substituted for Ge. These increases, however, do not exceed values
for binary. specimens-of NbGe prepared by other techniques, Furthermore,
the introduction of large amounts of Ga into the CVD process also introduces
additional complexities of control having to do with the chemistry of the Ga
chlorides. For these reasoms, the evidence af this time does not favor the use
of Ga substitutions to enhance the superconducting properties of NbSGe-pre-—
pared by chemical vapor deposition., It does look attractive to study such Ga

‘ac‘iciitions (an& others) in Nb3Ge prepared by sputtering or physical vapor
deposition,

‘The technique of retaining by quenching Nb3A1 in the ductile (low Tc)
bee structure which can be cold woirked and then transformed into the high
'I‘C (=18 K) brittle A-15 structure appears attractive. It has been used to
prepare"rather complex machined parts with high TC . The possibility of
making some high T_ devices such as SQUIDs seem evident. The more
important question of whether or not it can be prepared in quantities large
enough for large' scale applications in the form of wire or tape remains to
be answered. Preliminary measurements of the high field current densi-
ties of the material are large enough to warrant further investigation into
the factors ultimately limiting the size of specimens which can be prepared
‘in this way. Also worthy of furth_er study is the rela:tionship processing
parameters, the grain size of the ‘superconducting material and its critical

current density,
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converting to the A4-15 structure?
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1t is possible to quench gram quantities of stoichiometnic NbjAl in the ductile body-centered cubie -
structure which can be cold worked Later annealing converts this matenal to the brittle superconducting

A-15 structure,

PACS numbers: 74.70.Ps, 74.70 Lp, 81 30.Hd, 81.40.Ef

Superconducting A-15"structure compounds with high .

transition temperatures are brittle, Their brittleness
has slowed but not prevented their development into
technological materials. ! In fact, V;Ga and Nb,Sn
wires and tapes are now available in a variety of
shapes and configuralions. Nevertheless, there would
be interest in a ductile high-T, superconducting mate-
rial, Here we report our initial results on quenching
Nb,Al from high temperatures in the ductile bee struc-
ture which can be cold worked. The quenched and
cold-worked-bce material has a low T; it is, however,
readily converted to the stoichiometric high-T, %% A -15
structure (brittle} by annealing. Apparently, this se-
quence of quenching and cold-working operations has
not been done before on Nb,Al # although a similar
treatment has been performed on V,Ga.’

Earlier investigations have shown that NbyAl can be
prepared in the bee structure by splat quenching from
the liquid state® and by sputtering onto cooled sub- .
strates®’ i,e., quenching from the vapor state. The
quenched material was transformed to the A-15 struc-
ture by annealing. The present method of quenching
from under a solidus differs from these i1n several
respects. One is that larger amounts of material are
prepared at one time in this ease, Another is that the
bee material prepared by quenching from under a
sohidus consists of large crystals rather than the very-
fine -grained polyerystalline product of the other
techniques.

Starting ingots.are prepared by maverting and melting
at least four times in a gettered argon arc furnace,
Metallography shows that good mixing occurs on a
macroscopic scale., Final compositions are calculated
by assuming that the observed weight 1loss is due to
vaporized aluminum; negligible losses during the arc
melting of Nb support this assumption. Pieces of an
ingot of order 1 g are hung 1n 0. 1-mm Nb wire baskets
in a Ta tube furnace of a type described previously.?
After a high-temperature equilibrating anneal between
1700 and 2000°C in an argon atmosphere for times of
the order of 15 min, the samples are dropped out of
the furnace into a Ga-In eutectic liquid quenching bath
near room temperature or alte'rnatively onto a copper
hearth in which case they cocl mainly by radiative heat
loss. The Ga-In quench gives an estimated cooling rate

DResearch support by NASA Grant NSG-3055 and by NSTF Grant

DMR~-75-04019,
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in the 10*°C/sec range, while the radiative cooling
method gives an observed cooling rate of about 10°°C/
sec. Subsequent annealing 15 carriedwout by wrapping
the samples in Nb foil and sealing in quariz tubes under
150 Torr of argon; this stage of annealing is'terminated
by simply removing the tube [rom the furnace.

The samples used 1 this investigation are charac-
terized by x-ray diffraction, optical metallography on
etched or anodized specimens, microhardness, and
transition temperature measurement. Ancdization is
carried out in concentrated NH,OH for 5 min ai about
30 V.? Superconducting transitions are measured
resistively at 220 Hz with four indium soldered leads
and the temperature is measured with a calibrated Ge
resistance thermometer,

After the high-temperature equilibratron and quench
into Galn the ingots are found to have their original
shape but with several large cracks extending from
their interior to their surface. Upon mampulation with
tweezers the samples break apart until they appear as

P

TIG, 1, Photomicrograph of Ny p;Aly 55 amnealed al 1925°C for
20 min then quenched mto Galn near room temperature. The
small squares in the grid are 1 mm across, The specimen
breaks apart along gram boundaries,
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a collection of individual crystals, cracking along
gramn boundaries 1n which there are impurity phases.
Figure 1 shows a photomicrograph of a sample in which
wndividual crystals and collections of a few crystals are
evident. ’

Metallographic examination by etching of a carefully
cut unbroken specimen of nominal composition
Nby 144l o, Guenched from 1925°C into Galn, reveals
about 2 vol%, of a second phase located parily in grain
boundaries and partly within grains near the sample’s
center, This second phase is probably A-15 structure
material; it anodizes with the same color as the major
phase which is bee by x-ray diffraction. Also, support-
ing such an identification is its microhardness of 900
kp/mm?, The major phase has a microhardness of 500
kp/mm?, A third phase on the 1 vol% level is found m
the grain boundaries only. On the basis of its anodiza-
tion color, it is identified as the Nb,Al o phase, The
grain boundaries, which comprise only a few volume
percent, fracture somewhat upon cutting and polishing,
not allowing the observation of other impurity phases
such as Al,O,.

The isolated individual crystals as seen in Fig. 1 are
ductile, For example, a crystal with millimeter char-
acteristic dimensions can be rolled to a sheet 0.1 mm
thick without observable cracks. The rolled sheeis
can be cut {with difficuliy) using ordinary wire cutters
or slotted with a high-speed alumina cutoff wheel, They
cannot be crushed in an ordinary mortar and pestle for
x-ray powder diffraction.

X-ray analysis of a rolled sheet having a nominal
composition of Nby ,Aly ¢ Shows only broad diffraction
lines of the bee structure with a lattice parameter of
3.27 A and an “amorphouslike” broad bump at low
angles. This lattice parameter is considerably smaller
than that of pure Nb, 3.30 A, but 1n good agreement
with earlier work for this composition.® A resistive
measurement of the superconducting transition tem-
perature of a rolled sheet gives a midpomt of 3 K with
traces of material superconducting up to 11 K. Other
samples similarly treaied have about the same mud-
point but even less high-temperature traces of super-
conductivity. These data are to be contrasted with the
transition temperature over 18 K for A-15 structure
Nb,AL »® After a second anneal at lower temperatures,
x-ray powder diffraction shows only broad lines of an
A-15 major phase, a weak second phase, and no indica-
tion of bece material remainming. Following the second
anneal, the transition temperature rises to the neigh-
borhood of 17 K, exact values depending on thermal
treatment as shown in Fig. 2, Similarly, the micro-
hardness increases from 500 kp/mm? in the bee struc-
ture to 1500 kp/mm? in the transformed A-15 structure
(approximate value only because of specimen cracking
during measurement).

Available data suggest that the rate of conversion of
the bee phase to the A-15 phase 1s quite lugh at §50°C.
Complete conversion cccurs in 40 min; shorter times
have not been examined. The data are too few {o discuss
the conversion rate at T00'C yet. Slowing the quenching
rate to 10* °C/sec by cooling through radiative heal loss
produces specimens which show only lines of the A-15
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FIG. 2, Transition temperature versus annealing treatment
daia. The data points are transition midpownts and the error
bars show the 10—90% completion pownts of the resistive
transitions, The dotted extension to the datum on the far right
indicates a tail to 18,4 K, The dotted curve are guides (or the
eve only,

phase after quenching and transition temperatures to
18. 7 K as shown in Fig. 2.

The present results are not in good agreement with a
widely quoted phase diagram?®? for the Nb~Al system,
They are, however, in substantial agreement with a
less well-known diagram!!!?; briefly this work de-
scribes the A-15 phase as forming by a peritectoid
reaction between the bee @ solid solution and the NbyAl
@ phase. "1 At higher temperatures, near 1925°C, the
o solid-solution phase boundary extends out to 25
at, %. 1% A recent study'® of the 4-15 phase boundaries
is in better agreement with the diagram in Refs. 11 and
12, Where comparison is possible, our own results!
are in agreement also,

" There are a number of points here requiring further
investigation. The effect on the superconducting prop-
erties of different annealing témperatures and times
will have to be investigated, Of particular interest will
be measurements of the critical current density 1n
these materials and its response to different annealing
treatments. :

I am indebted to Z, Fisk for valuable discussions
and to A.R. Sweedler for reading ithe manuscript and
calling my attention to Ref. 13.
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AL Coayrry

ABSTRACT

Nb3Al can be quenched from under a solidus inio
the low T duclile BCGC siruciure, Inthe BCC struc-
ture a varicty of cold working operations can be per-
formed on it wathout fracture. Laler annealing con-
verts this malerial to the high T, britile A-15 siruc-
ture,

Alloys with the composition NbaAl can be
guenched from undex a solidus inlo Lhe body centered
cubic structure. In this structure they are ductile
enough to be rolled to one tenih of their original thick-
ness o1 machined by ordinary techniques.* The body
centered cubic material cxhibits a low transition tem-
perature {T.) with transition midpoints near 3 K: how-
ever, it is readily converted by annealing to the stoi-
chiometric high T A-15 structure with transition mid-
points approaching 18 K. Evidently this sequence of
guenching, cold working and annealing operations has
not been carried out on Nb3Al © before,although a
sirnilar treatment was performed on V3Ga, 3

Samples of composition near Nbo_ 75A10_ 25 are
given a high temperature equilibrating anneal 4 be-
tween 1700 and 2000°C in an argon atmosphere for
times of order 15 minutes® and then are dropped out of
the furnace infto a room temperature Ga-In eutectic
liquid quenching bath with an estimated cooling rale of
10%°C/sec ox alternatively onto a2 copper hearth for a
cooling rate of 10%°C/sec. Later low temperalure
annealing, carried oul by wrapping the samples in Nb
foil and scaling in quartz iubes under a 150 torr of
argon, is terminrated by removing the Lube from the
furnace

After the initial high temperature equilibralion
and quench into Galn the ingots are found to have theix
original shape but with large cracks extending fréom
their interiox to their surface. Upon manipulation
with tweezers the samples break apart along grain
boundaries, until they appear as a colleclion of either
individual crystals! or a few crystals adhering togeth-
er. Laue back reflection photographs show only welil
devcloped spols indicating that many of the individual
crystals (grains) aie single,

The individual crystals are ductile. They can,
for example, be rolled into sheels one tenth thejr
original thickness. X-ray diffraction on 1olled sheets
show only lines of the BCC struclure with latlice
parameters appropriate to their composition.® A
variefy of cold working operalions can be performed

Manuscript 1eceived Seplember 28, 1978,

“Inslitute for Pure and Applied Physical Sciences,
University of California, San Diego, La Jolla,
CA 92093, )
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on the BCGC material which the brittle A-15 struclure
would not tolerale withoul fracturing. For example, it
can be rolled, ground, or drilled. Figure 1 shows a
pari of a quenched ingot conlaining several crystals of
BCC NI)O,YSAIO. 25 - They have been first compressed
slightly betwecen opposed pislons to form paralicl {lat
surfaces. Although the alloy is tough, il can be drilled
through and tapped as shown using standard tools and .
techniques.”
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Fig. 1 A BGCC specimen of Nbg 154l 2y quenched
from 1925°C. IL has been drilled and tapped through
with an 0-80 tap. The specimen is supportied by an
ordinary 0-80 machine screw which 1s held in tweezers.,
The hole is too close to one side allowing the threads to
break through in places.

The T, of the as quenched BCC phase having
composition near NbsAl is about 3 K, as shown in
Fig, 2. 1In this sample there are no signs of supercon-
ductivity above 3. 23 K, indicating the absence of A-15
structure material. Following an anncal at 950°C for
only 36 minules the Te rises to 17.7 ¥ (midpoint) as
shown and the BCC diffraction lines disappear to be
replaced by lines of the A-15 structure.

Quenched BCC specimens do, however, some-
times show signs, by superconductivity and/or melal-
lographic examination, of A-15 filaments in the BCC
major phase. For example, metallographic examina -
tion of a carcfully cut unbroken and etched specimen of
norninal composition Nb0_74A10_ 26+ auenched from
1925°C into Galn, reveals about 2 volumic pexcent of a
second phase localed parlly in giain boundarics and

0O18-9 16 1/79/01000616500 75 © 1970 1FTE
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Fig. 2. The resistance versus temperature of
NbO,?SAlo_ 25 amnealed at 1925°C and quenched into
Galn. The data were measured by the usual 4 probe °
technique at 220 Hz on a crystal which had been ve-
duced by 90% by rolling into a 4 mil sheet, surface
ground and sliced wath an abrasive wheel. Note how
the low tempexature anneal raises T from 3 K to 18K,

partly within grains near the sample center. This sec-
ond phase is probably A-15 structure material; it ano-
dizes8 with the same color as the major phase which
is body centered cubic by x-ray diffraction, Also sup-
porting such an identification is its microhardness of
900 kg/rnmz. The major phase has a microhardness
of 500 kg/mmz. A third phase on the one volume per-
cent level is found-in the grain boundaries only. On
the basis of its anodizalion color, it is identified as
NbyAl 0 phase. A resislive measurement of the
superconducting iransition in a rolled sheet of this
sample displays a midpoint of 3 K with, however,
traces, of material superconducting to above 11 K as
shown by the BCC point in Fig. 3. X-ray analysis of
this shect shows only broad diffraction lines of the
body centered cubic struclure with a latlice parameter
of 3.27 4, as expected, ™ and a low intensity broad
bump at low angles, An unrolled piece of the same
sample shows a broad higher resistive transition with
a midpoint of 13 K and traces of superconductivity al-
most to 16 K. It is our assumption thal the higher T
is due to filaments of the above mentioned A-15 mate -
rial within grain boundaries and in the interior of
grains and furiher that the rolling operalion depresses
the overall transition by damaging these filaments.
After short second anneals at 950°C {or longes ones
at 700°C) on quenched and volled material, x-ray
powder diffraction shows only broad lines of an A-15
major phase, a very weak seccond phase and no signs
of remaining BCC material, Following the second
anncal, the {ransition narrows and rises to the neigh-
borhood of 17 I to 18 K, exact values depending on
thermal treatment as shown in Fig. 3. Similarly, the
microhardness increases frém 500 kg/mm? in the
BCC structure to about 1500 kg/mmz in the trans-
formed A-1% struciure (approximate valne only be-
causc of specimen cracking during measurement),

At 950°C the rate of conversion of the NCC
phase to the A-15 phase occurs in less than 36 minutes;
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Fig. 3. Resistive transition temperature versus
annealing {rcabment. The data points are transition
midpoints and the error bars show where the 107;-
90% complelion points of the transitions. The three
unconnected 700°C points are from three different
pieces of a quenched specimen. The dotied extension
to the datumn on the far right indrcates a tail to 18,4 K,

shorier times have not been examined, The few x-ray
and T, data at 700°C show that the rate of conversion
is much slower than at 950°C: at 70 minutes the trans-
formalion appears to have begun at 70 minuics and to
be compleie by & days. Amealing a BCC specimen of
composilion Nbo‘ 248lp. 24 at 17 00°C for 30 minuies
and quenching inlo Galn shows a complete conversion
to a two phase large microstructure consisting of an
A-15 phase of lattice parameter 5. 184 A and signifi«
cant amounts of NbZAI ¢ phasa  Frem the lattice
parameter we eslimate® the composition of the A-15
phase to be about Nb0.76A10_ 24

The table shows some T_ data for a speeimen of
nominal composilion I\'bo' 76.1\10. 24 Afler quenching
into Galn from 1925°C il is found to be single phase
BCC. Anncaling at 1700°C for 30 munutes followed by
quenching into Galn converis this material {o a single
phase having the A-15 sivuclure with a laitice param
eter of 5.184 A. This anneal time 15 probably suffi-
cient {o establish equilibrium for this inilial miero-
struclure at this lemperature  The maleriat anncaled
al or below 950°C inight be in a wnequilibrivn state
and 15 sa according (o the lilevaturc. 9



TABLI

Nb Al TC(K} X-Ray
0.76°*"0, 24 90% 50% 10% Resulis

1) 1925°C guenched, 16,0 15.1 9.0 BCC
not rolled )

2) 1925°C quenched, 3.8 3.3 3.3 BCGC
rolled

3} 1) + 30 min/1700 16.1 15,9 15.2 A-15
quenched

4) 1) + 3} + 70 min/ J17.4 17.3 16.9 A-15
950°C

5) 2) +70 min/950°C 17,9 17.8 17.7 A-15

Where comiparisons can be made, our resulls
are in substantial agreement with a published phase
diagram for Nb-Al. 9:10 phig diagram desciribes the
A-15 phase as forming wath the composition 26 at. % Al
at 1730°C by a peritectord reaction between BCC
alpha solid solution and the NbpAl ¢ phase. At higher
temperatures, near 1925°C, the alpha solid solution
phase boundary extends out to 25 alomic pexcent. 10
Another recent studyll of the A-15 phase boundaries
are also in substaniial agreement with the above men-
tioned diagram except that the peritecloid composition
is put closer to 24 at, % Al. The present resulls sup-
port this refinement.

There are several remarks which can be made
about the practicel significance of fabricating NbyAl by
the iechnique described here, It is now fairly well
esiablished that this technique is suitable for fabri-
cating rather complex shapes of Nb3Al having a final
T, of 18 K. The volume of material available for
such fabrication is notl yet known. Anoither conclu-
sion is that this technique will be useful for critical
current density studies because the grain size of the
A-~15 phasc (and other phases) can be controelled by
cold work of the BCC structure and subseguent anneal-
ing treatment. To decide if this technique will be a
practical means for the produclion of laxge guantities
of superconducting wire or tape requires more investi-
gation, however the results continue o be promising,
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de Haas—van Alphen (dIIvA) oscillations have been observed in Nb,Sn in the (110) plane
and in V Si at two orieniations using single erystals of high resistance ratio and magnctic

fields in excess of H,,, The dHvA frequency d
ries of nested ellipsoids centered at
lation of the NbySn Fermi surface,

We present the first de Haas—van Alphen (dHvA)
measurements of the Fermi surfaces of high-T,
A1l5 structure superconductors, with measure-
ments for both Nb,Sn and V,Si. We compare the
Nb,Sn results fo a recent band-structure caleula-
tion' and find good agreement. The upper critical
fields, H,,, are ~20 kOe lower than earlier mea-
surements, ® apparently due to the high-purity
sugle crystals of Nb;Sn and V,S1 used.

The current high level of interest in 415 ma-
terials is due to the recent and continuing dis-
coveries of the coexistence of a variety of anoma-
lous normal-state properties® at both high and
low temperatures, with the high&st-T', materials
showing the most puzzling behavior, It ig widely
felt that the underlying physical features leading
to these unusual normal-state properties are
also the cause of the high transition tempera-
tures observed mt many 415-structure materialsg.,
A variety of physical models ascribing special
features to either the phonon or electron distribu-
tions have been mvoked to explain the normal-
state properties. Our results are a first step in
providing a microscopic test of the various elec-
tronic models,
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ata for NbySn can be interpreted as a se-

M, as suggested by a recent high-precision ealeu-

Unfortunately, the very properties which make
the high-T, A15’s such interesting materials had
until now, combined fo prevent dHvA measure-
ments of the Fermi su rface; the only prior dHvA
measurements being the very recent results of
Arko, Fisk, and Mueller’ for Nb,Sb (T, ~0.2 K),
Magnetothermal oscillations were previously ob-
served 1 V,Ge.® The main linuting experimental
factors are the followmng. (1) Effective masses
are expected io be high because of the infrinsical-
ly flat electrome band structure and because of
the strong electron-phonon couphng (A ~1.4 for
Nb,Sn). (2) H_,1s large, so that exceptionally
high magnetic ficlds are needed simply to reach
the normal state. (3) The materials tend to have
high residual {(and intrinsic) resistivities® so that
Tp. the Dingle temperature, would he expecied
to be iarge. (4) Sonie of the mosl inleresting ma-
Lerrals undorgo a martensitic transformalion 50
that the dHvA- signal 1s suppressed due to inter-
ference of cscillations and to phase smearing be-
tween tetragonally distorted subdomains,

The Nb,Sn crystals were grown over a period
of four months by closed-tube vapor transport
with iodine as the transporting agent. X-ray dif-

n Physical Socieiy
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fraction on part of the depost showed only sharp
lines of the A15 structure with a room-tempera-
ture latlice parameter of 5.290 A. An induclive
measurement of the actual dHvA crystal showed
a T, (nudpoint) of 17.8 Kand a width {10%—90%)
of 0 07 K. Resistivity measurements confirm
that the samples undergo a martensitic trans-
formaftion at 51 K, We estimate that R{300 K)/
R(0 K) =50 assuming that T2 is a satisfactory
extrapolalion function,®? The V,Si specimen was
grown using a floating— molten-zone technique -
with induction heating in a pure-argon atmos-
phere. No resistance ratio or T, measurements
were made, However, {rom the amplitude of the
dHvA signals we estimate the purity Lo be at
least comparable to that of Nb,Sn.

Oriented single-crystal samples were mountéd
in a spiral-gear -driven rotator. The accuracy
with which orientations are known in the {110)
plane is estimated to be about 1°,

The experiments were conducted m the 400-
kOe “slow-pulsed-field” facility at the Universily
of Amsterdam.® The principal advantage of a
- slow magnetic field pulse 1s that self-heating and
signal-detection problems associated with eddy
currents in metalhc samples are avoided and
mechanical vibrational noise 1s minimized. All
dHvA data were taken in the free-inductive-decay
mode from 400 kOe in order to eliminate elec-
trical noise introduced through the current-regu-

/PICKUP COIL SIGHAL

He,, TRANSITION

!

¢

FIELD STRENGTH

ama"
OSCILLATIONS

L. - -

FIC, 1. Dual traces of a typical high-speed chart
recording for NbySn at 75° from [100} showing the de-
cay of a 40-T magnetic field pulse and the simultaneous
recording of dHVA oscillations followed by the super-—
conducting Lransition at Hc. Vs time {the ficld decays |
from 10 T to U, in about 0,15 sec). The apparent
oseillations below H,. are noise generated in the piek-
up coil m lhe superconducting state due to eddy cur-
rents, fux jumps. eto., and are nof periodic in 1/H.

lating circuits. The enlire system was checked
by observing dHvA oscillations 1n a smg’le crystal
of Mg; the results agreed with published values
of Mg dilvA [requencies to withmn 1-34%

The output of a compensated dHvA pickup coil
was differentiated twice, filtered to take out some
of the slowly varying voltage resulting from in-
complele cotl compensation, amplified, and dis-
played directly on the recorder. A typical re-
corder tracing 1s shown in Fig 1, Smnce the m-
duced vollage in the dHvA pickup coil is divectly
proportional to the time frequency of the dHvA
oscillations, the usual exponential amplitude 1n-
crease as H creases will not be observed due
to the 1/H perwodicity of the dHvA oscaillabions.
For low-mass, low-frequency oscillations one
may even see an amplitude decrease, which is
further accentuaied by the de filter. This de-
crease in amplitude is clea‘rly evident 1n Fig. 1.

The dHVA oscillations were analyzed by mark-
1ng the positions of successive osciliation peaks
and making a plot of oscillation number versus
1/H; the slope of this “number plot” gives the
dHvA frequency directly and was generally found
to be a good straighl hine, gwing us confidence
in our field cahbration. Beat structure, while
obviously present at some orientations, was dif-
ficult to resolve because of the few oscillations

ORIGINAL PAGE IS
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MAGNETIC FIELD DIRECTION

TIG. 2. GHvA frequencies for NbqSn in the (110}
plane, The solid cireles (with typical error bars) are
the experimental resulls, The solid lines are generated
from the Formi-surface model and band-structure cal-
culation of Ref, 1,
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plus the above-mentioned problems with the am-
plitude dependence, Nevertheless, 1t is possible
to resolve several separate branches in the
Nb,Sn data, Figure 2 displays the dHvA frequen-
cies {open circles) found for Nb,Sn in the (110)
plane, while the limited data for V,S1 are given
in Table L. The long cooling time of the magnet |
(~4 h after each pulse) made it necessary to
space data at only 10" intervals, The typical
error estimates indicated in Fig. 2 are conserva-
tive, based on a maximum possible counting
error of one-half oscillation. The reproducibil-
ity of the dHvA frequency measuremenfs at a
given orientation was a few percent, There was

. evidence in the raw data for additional diivA fre-
quenciles, both larger and smaller than those
presented in Fig. 2. However, the signal-to-
noise rafio for these oscillations is barely greal-
er than 1; so they are not included here,

To interpret our results we have used the band
calculation of Ref. 1. The calculation is similar
to that of Mattheiss® (1.e., augmented-plane-wave
method used with a ren-self-consisient overlapp-
ing charge-density model, and Slater ¢=1 ex~
change) except that non—muffin-tin terms were
1néluded, and much greater precision was man-
tatned throughout (i.e., 56 points in £th of the
zone versus Mattheiss's 4, 3-mRy convergence
versus 30 mRy, etc.). The solid lines 1n Fig. 2
are the predicted theoretical frequencies from
Ref. 1. The correspondence between the observed
frequencies and those labeled @, f3, and y is good.
Based on this we conclude that the observed [re-
quencies are consistent with a set of nested ellip-
soids at M, similar to the observations in Nb,Sb5
and V,Ge.*® (This conclusion is not reached
from the data alone.) Since very low dHvVA fre-
quencies are discriminated against in pulsed-
field ‘experiments as discussed above, it is rea-
sonable that we do not observe the (low-mass)
lowest predicted branches 1n Fig. 2. Other larger
“missing” orbits have too high a mass (m.,*
~ 2,41 pg) to be cbserved with this relatively in-

TABLE I. dHVA frequencies for V,5i,

Freguency

Orieniation (10% @)

[100] 6.24
4,60

[110] 7.78

1592 ORIGINAY, PAGE I

sensitive techimaque., Further, the {requencies
bunched near 5 <10 G are too closely spaced to
allow a clear resolution of beats. Within these
limilalions there 1s excellent agreement belween
oursdata and the predictions of the theory of Rel.
1. While the symunetry of the experimental {re-
quencies 1s anbiguous, the magnitude 15 nct, Sev-
eral other band calculations®® ™ predict surfaces
too large to fit our data, although 1t was pointed
out thal Lhe size of small picces is quite sensi-
Live to the exchange approximation.?

We have mdirectly and simulianeously mea-
sured the amsotropy of the upper critical field
H ., for Nb,Sn at the same 10’ intervals. Taking
the highest-field point of the normal-to-superceon-
ducting transition (Jf decreasing} as defining H_,,
we find that H,,=214 kOe (at T=1.5 X) and is 150~
tropic within the 1% precision of our measure-
menls, (For V. S we find £,,=216 kOe al 7'=1.5
K.) This result is significanily smaller than the
earlier {extrapolated) value of 240 kQe at =0
or I{,,=235 kOe at T=1.5 K. We have ruled out
that this difference is due to exirinsic eifects.
Instead, we believe that the lower Ii_, ts inlrinsic
to the highly perfect (and well annealed) single
crystals used. Evidence to support this comes
from the fact that a poorer Nb,Sn specimen,
which gave only weak lower-{requency dHvA
oscillations, had a higher eritical field (H,,~230
kOe along [100]) and also displayed some slight
anisotropy of 1., (slightly lower values else- *
where), consistent with literature values.?

A significant concern for future diivA experi-
ments on Nb,Sn may turn out to be the effect of
thermally cycling a single crystal through the
structural transformatien, Repeated thermal
cycling decreased the dHvA amplitudes by at least
a {actor of 2, These were restored by anmealing
at 700 C {or {ive days. Our data do not yet allow -
us to determine which factor {(high T, phase
smearing, changes in elecktronic structure) is
primarily responsible for the signal degradation,
The change in the lattice parameler accompany-
ing the transformation 1s only of order 19 so
that & major change in the band structure is not
expected. It does seem, however, that il may be
possible Lo use the dHvA effect as a detailed
probe of Lhe electromc consequences of the (115
structural transformation and defect formation.
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FERMI SURFACE AND dHvA EFFECT IN THE NORMAL STATE OF HIGH T. A-15 SUPERCONDUCTORS +

E
A.J. Arko', D.H. Lowndes', A.T. Van Kessel™, H.W. Myron™', F.i. Mueller™ , F.A. Muller™,
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Résumé.- La surface de Fermi de Bb,Sn a &té déterminée par des calculs de bande de type APW. Des os-
cillations de Haas-van Alphen (dHvA) ont 8té observées dans Nb_Sn et dans V_Si en accord avec la sur-
face de Fermi calculBe. Pour ces deux composés, 3 1'état normaf des oscillations dHvA ont &t& mesu-
rées avec des monocristaux ayant un haut rapport de résistivité plongés dans des champs magn8tiques
allant jusqu'a 400 kOe et les nouveaux details de la surface de Fermi ont été mis en &vidence et en
particulier une structure ellipsoidale osculatrice autour de M et une grande structure cubique au—

tour de [. -

Abstract.— The Fermi surface of Nb,Sn has been derived form an APW band caleulation. de Haas—van
Alphen (dHvA) oscillations have been observed in Nb,Sn and V_ 5i which give 2 consistent FS descrip-
tion. Using single crystals of high resistance ratio's and magnetic fields up to 400 kOe, dHvA os-

¢illations have been seen in the normal state For both specimens,

New features of the Fermi surface

include osculated ellipsoidal structure around M, and a large cubical structure around T.

The current high level of interest in A-15
materials is due to the recent continuing discove-
ries of the coexistence of a variety of anomalous
normal state properties /!/ at both high and low
temperatures, with the highest T_ waterials showing
the most puzzling behavior. It is widely felr that
the underlying physical features leading to these
unusual normal state properties are also the cause of
high transition temperatures observed in many A-I5
Structure materials. A variety of physical models
ascribing special features‘to either the phonon or
electron distributions have been invoked to explain
the normal state properiies, Detailed knowledge of
the band structure is a necessary precursor zid up—
derpinning to the inclusion of the.electrun—phonon
and electrom-electron couplings and hence to the
theory of superconductivity in these materials. The
only prior dBvA measurements on an A=15 are the re-
cent results of Argo et al, f2/ for Nb  Sb (TcﬂxU.Z K).
Magnetothermal oscillations were previcusly obser-
ved /3/ in Vace (I‘c v 6 K}. Recently (some of us)
have zeported f4/ on the global energy structure of
Nb,Sn. Here we now report on band propertiés close

to EF- the derived Fermi surface. Briefly the cal-

'%'Work supported by the U.5. Department of Energy, the
Hational Science Foundation (USA), the Stichtingvoor
Fundamenteel Onderzock der Materie (The Netherlands)
and NASA (U.S.A)

culated extremal cross-sectional areas agree within
3 to 5% with the dHvA data presented here for sheets
near M. In addition we find a very large-massed

(mI = 2.3) cubical "box~1like" structure near T which
we identify with breaks in the derivatives of the
positron amnihilation data of Samoilov and Weger /5/
on the isocelectronic mater%al VSSi.

Unfortunately, the very forces which make the
high T, A-15"s such interesting materials had, uatil
now, combined to prevemt dHvA measurements of the
Fermi surface, the only prior dﬁvA measurements being
the very recent results for Nbasb /2/. The four main
limiting experimental Ffactors are :

1} Cyclotron effective masses are expected to be
high due to the intrinsically flat electronic band
structure and to the strong electron-phonon coupling
(A = 1.4 for NbJSn) ;

2) ch is large, so that exceptionally high magnetic
fields are needed, simply to reach the normal state ;
3) Single crystals tend to grow nonstoichiometrieal-
ly so that TD’ the Dingle temperature, would be ex-
pected to be large. The A~15's tendency toward in-
trinsic defect formation is presumably also accom-
panied by high dHvA Dingle temperactures ;

4) Crystals undergo martensitic transformation in
cooling Erom room to helium temperature, so that
suppression of the dHvA signal due to interference

of oscillations and to phase smearing between tetra-
N-T3
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gonally distorted subdomains is expected. Both pha-
se smearing and scattering (Dingle temperature)
contribute to an exponential attenuation of the
dHvA amplitude, with phase smearing becoming more
pronounced as the dHvA frequency increases.

The NBSSn crystals were grown over a period of
four months by closed tube vapor transport with fo-
dine as the transporting agent. An inductive measu-
rement of the actual dHvA crystal showed a Tc of
17.8 K and a width (10 Z - 90 %) of 0.07 K. Resis~
tivity measurements confirm that the samples under-—
g0 2 martensitic transformation at 51 K. Assuming an.
approximate extrapolation function /6/ we estimate
R(300K) /R(K) =50and R (0 X)) = 1.5 ulcm /7/.
From this residual resistivity we estimate an elec-—
tron mean free path of about 500 K and w,T > 1 in
magnetic fields above 230 kQe, where mc is the cy-
clotron frequency and T is a mean scattering time.
This consideration is suggestive of the scattering
time being high enough to see the dHvA effect.

The VSSi specimen was grown using a floating
molten zone technique with induction heating in a
pure argon atmosphere. The 2one was passed along
the rod {obtained by melting the_cansistent metals
in a silver boat) at the rate of % 2 em/h. A multi~
grained sample was obtained which had a large cen-
tral grain the length of the sample (% 1/8" diam.).
No resistance ratio or T, measurements were made.
However, it is known that V!Si is less susceptible
than NbSSn to the A=15 tendency toward defect for-
mation, while the amplitude of the dHvA signals ma-
kes it clear that the total scattering rate in VaSi
must be at least comparable to that of Nb,Sn. The
quality of both the Nb,5n and V,8i crystals was ve—
ry good, as indicated by examination of the room
temperature diffraction spots in Laue back-reflec-
tion x~ray pictures. Both the Nb_ San and V,5i crys-
tals were cut by spark erosion into specimens

3 and surface damage etched away. Oriented

&1 om
single crystal samples were mounted in a spiral gear
driven rotator with the magnetic £ield within about
1° of a (110) plane ; the accuracy with which orien-
tations are known in the (110) plzpe is also esti-
mated to be about 1°,

The experiments were conducted at the Univer-

sity of Amsterdam's 400 kOe "slow pulsed field" Fa-

cility using the magnet in the free inductive decay

mode to minimize noise /8/. The output of a compen— ~

sated dHvA pickup coil was differentiated twice, fi%-
téred to take out some of -the dc voltage resulting

from incomplete coil compensation, amplificd and
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displayed direetly on the recorder. A typical re-

corder tracing is shown in figure 1.

- | nvy sq
75° FRoM [i00]

PICKUP COIL SIGNAL

ch TRANSITION
FIELD STRENGTH

. dHvA
OSCILLATIONS
H=0
Fig. 1 : Dual traces of a typical high speed chart

recording for Nb,Sn, showing the decay of a2 40 T
magnetic field pulse and the simultanecus recording
of dHVA oscillations followed by the supercenduc—
ting transition at H__ versus time. The apparent
oscillations below H . are noise generated in the
pickup ¢oil due to é&éy currents, flux jumps, etc..,
and pet periedic in 1/H.

t
|

The dHvA oscillations were analyzed by marking
the positions of successive oscillation peaks and
making a plot of oscillation number versus I/H ; the
slope of this "number plot" gives the dHvA frequency
directly and was generally found to be a good
straight line. Beat structure, while obviously pre-
sent at some orientations, was difficult to resclve
because of the few oscillations. Nevertheless, itis
poss?ble to resolve several branches in the Nbasn
data. Figure 2 displays the dHvA frequencies (open
circles) found for Nb_Sn in the (110) plane, while
the limited data for VSSi are given in Table I. The
typical error estimates indicated in figure 2 are
conservative, based on a maximm possible counting

error of one-half oscillation.

Table I

dHvA Frequencies for VSSi

Orientation (fggquszz)
[1o0] 6.24
4.60
[110] 7.78

Until recently the intrinsie resolution of

band theeoretical calculations for materials as com—,



plex as the A-15's was no better than about 4,000 K
/1,9/ precluding direct theoretical exploration of
electronically-driven models for the-many intcres—
ting A-15 anomalies. However, we will interpret our
experimental results here by comparing them with the
Fermi surface predicted by a new high precision
enexrgy band model for Nb,Sn, for which the intrin-

sic resclution is less than 300 K f4&/.

FREQUENCY {10° Gauss)

20 320 50 80 70
fiti)

foor [noj

MAGNETIC FIELD DIRECTION

Fig. 2 : dHvA frequencies for Nb_Sn in the (110)
plane. The solid circles (and typical error bars)
are the experimental results. Accuracy of orienta—
tion in the (110) plane is 1°. The frequencies at a
given orientation are reproducible to within a few

Z. The solid lines are generated from the Fermi sur-

face model and band structure calculation of refe—
rence [f4f

In figure 3 we present the Fermi gurface of
Nb 5o (intersecting bands 13~21) in the principal
symmetry planes., The Fermi energy was determined
exactly from the density of states [4/ and no ad-
justable parameters were used. Because of the sen—
sitivity of figure 3 to small energy shifts {(espe-
cially bands 19 and 20) we have used the (larger
than 300th oxder) APW secular matrix itself as an
interpolation scheme to make the plot.

Twe features are noteworthy compared to the
previous vas; isoelectric Fermi surface of Mattheiss
19/ =
1) the éreater confluence of osculated structure at
M;

2} the flat "box-like" structures centered at T.
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r 1
' ’ B Ay M
Fig. 3 : The Fermi surface of Nb_Sn. The band in-

dexing follows reference /4/. Note that the posi-
tions of the labels follows the filling of ¥ space
volumes so that band 20 near T is an electrom piece
and band 15 near M is a hole piece.

Globally the Nb Sm band structure was the
same as that of Mattheiss. Making a miecroscopic com—
parison near E; between his f9/ figure 6(d) and fi-
gure 1 of reference [4/, we find that the main re—
sult is that T}, has "dropped" by about 30 mRy re-
lative sets of levels at M - a result easily under-
stood in that we have included an extra (megative)
potential inside the muffin~tin-spheres (primarily
Hb-along~-the—"chains") relative to Mattheiss. Hence
— which is

F
maximally sensitive to such effects - "drops" rela-

the d~like Nb bonding state I',, near E

tive to the insensitive levels at M, Since the Ferm
level follows the heavy massed I',, state, the“light"
massed M-centered hole-like levels seen in figure 3
“pop-up” through E;. The structure near R also has
a light mass. We have fitted the values of the
"ight-massed" bands 15-19 at 10 points near M to
the lowest 7 M-harmonics by a least squares proce-
dure :

n Lmp -
mp XV Z (n

E (k) =IC
whare En(E) is the energy of band n at point k, the
C's are cthe expansion coefficients and x, vy, 2 are
the components of the k-vector diffarence from M, in
atomic units. All temms through quartic (i.e. z")
were used, These were used to obtain the areas and
masses, o = (1/m)dA/dE 1isted in table II. In gene—
ral, the correspondence between the observed and
calculated dHvA frequencies (figufé 2 and vable IT)
is good. (The experimental labeling and identifi-
cation was based on the angular dependence of the
areas). We havellisted in table II the masses for
the M-centered pieces as a guide to understanding

the experimental data. Very low dHvA frequencies we-
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re discriminated against in the pulsed field expe-
riments, both because their period in H was teo long
and for other experimental reasons /10/. Most other
H-centered "missing" orbits probably had too high a
mass to be obsarved (m xp k2.4 o d)’ although it
is surprising that 17(z) at [)l@] were missing. In
view of the difficulty of the measurements and cal-
culations the overall agreement is satisfactory and
we conclude that the dHvA oscillations we have seen
are consistent with a series of oseilated ellipsoids
at M. Guided by Mattheiss'band calculations /9,
both Graebner and Kunzler /3/ (for V3Ge) and Arko,
Fisk and Mueller /2/ (for Nb3Sb) have also interpre-
ted their data in terms of M-centered structures,
although those interpretations required rigid shif-
ting of EF upward,

Table I1
Areas and masses in the {:001] and [110]

directions in atomic units.
The convention of M labellng is as in figure 2.

Direction [oor1] f116]
Symmetry A 2 4 0> b A % o b
7 exp theory “theory “exp theory ~theory
(< 100) (x 100) (x 100) (= 100)
M-centered orbits
15(z) 0.47 0.23 I.16 0.42
16(z) 0.74 0.64 2.02 0.97
17(z) 1.43  0.43
18(z) 1.8 1.61 0.48
15(x,y) 1.12 1,17 0.35 0.65 0.32
16(x,y) 2.01  1.03 0.99 0.77
17(x,y) 1.5% 1.66 0.49
I-centered orbits
19 13.14  2.1320.05 13.66 2.90%0.15

a) experimental data.

X
b) mtheory

obtain experimental masses.

should be multiplied by (1+1) n 2.4 to

For the I-centered sheet, we have found it im-
possible to make a satisfactory expansion of the

19th band energy structure in a few cubic harmonies
f11/, analopous to equation {1). The areas and mas-
s¢s listed in table II. for the I'-centered sheet were
derived numerically from k vectors found from the

APY secular matrix. The errors of the two 19th band -

masses are relatively large because they were found
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by numerical differentiation. (The effective ener-—
giles used were spaced 0.% Ry appart.) We have gi-
ven M-centered and I'-centered masses also to stigu-
late measurements of the tyclotron mass. The mass of
the F—centépéd piece normal to [bﬂi] is rather cons~
tant for different values of kz. Hence most of that
Fermi surface sheet should contribute at a single
value of m". This should help to make the rather
high value of éyclotron mass of about 5 obse;vable.
Although our predicted Fermi surface is somewhat
complicated, there are clear open and closed direc-
tions. We ask that high field magneto-resistance
experiments be considered as a further test of our
Fermi surface topolegy.

We now focus on an unexpected feature of fi-
gure 3 : the two cubiecal "box-like" structures of
band 20 2rd 19 centered at T and intersecting the
T tox (EIOO]) line at 0.15 and 0,84 7w/a units res—
pectively, and the T to M ([]l@]) line at 0.15 and
0.62 7/a units, respectively. These features were
invariant to élight shifts (* 3 mRy) of EF’ although
the exact intersection distances varied skightly
with E - Recently Samoilov and Weger have reported
/5/ p051tron aunihilation experiments in iso-elec—
tronic Vas:i. .in the []00:' direction, and we have en-—
hanced the sensitivity of their data to Fermi surfa-
ce effects by means of a novel "folding" technique.
Although the resclution of their experiment was 1i-
mited te 0.5 milliradians (or 0.196 w/a units), they
find (their figure 2) derivative structure with 3
peaks along [}0@] at 0.185, 0,635 and 0.844 w/a
units. Clearly there is good agreement between. the
flat band 20 and 19 interséctions of [100] and their

. first two peaks. Band 20 is a possible candidate for

their third peak structure - particularly the flat
structure centered arcund X in confluence with the
meltiple structure at M, But rhese third peak iden-
tifications are tentative. We have assumed an inva-
riance between the derailed band structure shape
near E; of V. 5i and Nb,Sn. Comparing figures 6a-6d
of Mattheiss /9/ there is a close family ressemblan-
ce ~ but microscopically our Wb Sn bands are more
like his V,8i bands than his Nb Sn bands. Samoilov
and Weger have interpreted /5/ their data in terms
of the independent band model /1/ whose chief dif~
ference near Ep from our moedel is that they find
that EF intersects the T,s+ levels and that their
I‘12 levels are above EF' Qur resules suppork
Samoilov and Weger's main conclusion of the impor-

tance of planar Fermi surface structures along [}0@]


http:appart.).We

in A~15 materials although our interpretation and
wave functions near EF is different from theirs,
(If we artifiéally modify the potential te place E
at T',.,,we loose agreement with the M-centered dHvA
data.} Weger has suggested [12/ a high magneric
field NMR experiment as z definitive test of Tvs.
[+ « We ask that experimentalists also consider
further high resolution positron annihilation work
in A~15 materials along other high symmetry direc~
tions as a test of band models. We predict that
there should be a smaller but similar break along
[liQ] - we believe that the Samoilov-Weger model
would predict smooth behavior in that direction.

The correspondénce between the observed fre-
quencies and those labeled 15(xy), 18z and 17(xy)is
good. We conclude that the cbserved frequencies are
eonsistent with a set of nested ellipsoids at M,
similar to observations in NbJSb /2/ and VaGe /3/.
The very low dHvA frequencies are discriminated
against in pulsed field experiments, it is reasona-—
ble that we do not observe the lowest predicted
branches of figure 2.

Finally, our present.data clearly do not al~
low us to determine whather the disappearance of the
higher frequency oscillations as a result of ther—
mal cycling was due to the (progressive} disappea-
rance of a piece of Fermi surface, accompanying the
structural transformation, or simply due to an in-
crease in Dingle temperature (electronic scattering
rate) due to strain, The change in the lattice pa-
rameter accompanying the transformation is only of
order 1 Z so that a major change in the band.struc-
ture is not expected. One would expect the degene~
racy of the branches to be lifted, but our data are
not sufficlently accurate to determine zny minor
splittings in the dHvA frequency branches. However,
it does seem clear from our measurements that the
effects of the wmartensitic transformation are rever-
sible, and that it will be possible to use the dHvA
effect-as a detailed probe, in k-space, of the elec—
tronie consequences of the A-15 structural transfor-
mation. ' T
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